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1. Introduction {#jame20766-sec-0001}
===============

Investigating the potential impacts of climate change on terrestrial carbon sequestration and carbon stocks is important and urgently needed, especially within the context of the Paris Agreement and its ambitious goal to remain *well below* the 2 °C target. Complex nonlinear land‐atmosphere feedbacks can buffer or amplify anthropogenic climate change (Bonan, [2008](#jame20766-bib-0018){ref-type="ref"}) and are currently offsetting a significant fraction of anthropogenic CO~2~ emissions (Keenan et al., [2016](#jame20766-bib-0084){ref-type="ref"}). Forests play a pivotal role in this feedback response. Recent studies indicate that globally, increasing atmospheric CO~2~ concentrations under climate change have led to increased carbon sequestration (Keenan et al., [2016](#jame20766-bib-0084){ref-type="ref"}) and leaf area (Zhu et al., [2016](#jame20766-bib-0199){ref-type="ref"}) at global scale, and higher primary production at specific sites (Reyer, [2015](#jame20766-bib-0145){ref-type="ref"}). Enhanced growth as a result of ecophysiological responses to a changing environment is predicted in the future (Huang et al., [2013](#jame20766-bib-0075){ref-type="ref"}; Pretzsch et al., [2014](#jame20766-bib-0141){ref-type="ref"}). However, there is no evidence that such positive changes will generally continue and species‐specific differences as well as local growth decline due to increasing drought stress or other disturbances have also been reported (e.g., Alvarez et al., [2016](#jame20766-bib-0004){ref-type="ref"}; Ashraf et al., [2015](#jame20766-bib-0010){ref-type="ref"}; Noce et al., [2016](#jame20766-bib-0204){ref-type="ref"}, [2017](#jame20766-bib-0203){ref-type="ref"}).

Forest plays a pivotal role in this potential feedback response. About 86% of European forests and about 52% of global forests with varying intensity are managed (FAO, [2015](#jame20766-bib-0051){ref-type="ref"}; Meyfroidt & Lambin, [2011](#jame20766-bib-0118){ref-type="ref"}). Understanding if, how and to what extent different forest management practices may modify the processes that control carbon dynamics during undisturbed stand development and in response to climate change is therefore key to improving our understanding of land‐based climate mitigation capacity (Bellassen & Luyssaert, [2014](#jame20766-bib-0017){ref-type="ref"}; Naudts et al., [2016](#jame20766-bib-0127){ref-type="ref"}; Nolè et al., [2013](#jame20766-bib-0131){ref-type="ref"}, [2015](#jame20766-bib-0130){ref-type="ref"}).

The ongoing open debate whether forest management practices can increase forest yields and/or carbon sequestration under changing climate conditions is thus crucial (Bellassen & Luyssaert, [2014](#jame20766-bib-0017){ref-type="ref"}; Lindner et al., [2014](#jame20766-bib-0098){ref-type="ref"}). There is in fact a long‐standing interest and a pressing need for including a detailed representation of forest management in coupled land‐climate models for scenario analyses (Schelhaas et al., [2015](#jame20766-bib-0154){ref-type="ref"}; Yue et al., [2017](#jame20766-bib-0191){ref-type="ref"}).

Process‐based forest growth models are valuable tools to evaluate forest dynamics, development, management, and changing climate and to assess long‐term effects on forest carbon cycling (Kirschbaum et al., [2012](#jame20766-bib-0089){ref-type="ref"}; Wang et al., [2013](#jame20766-bib-0180){ref-type="ref"}). Model‐based assessments of climate scenarios on forest carbon balance are generally based on sound physiological knowledge, but major uncertainties surround the scaling up from the trees to ecosystem and landscapes, long‐term dynamics, and the interactions between physiology and stand structural changes (De Kauwe et al., [2013](#jame20766-bib-0039){ref-type="ref"}; Fischer et al., [2017](#jame20766-bib-0052){ref-type="ref"}; Keenan et al., [2013](#jame20766-bib-0083){ref-type="ref"}). In particular, it is still unclear how future climate will affect the balance between photosynthesis and autotrophic respiration (Reich et al., [2016](#jame20766-bib-0142){ref-type="ref"}). Accurately quantifying the resulting forest productivity, which is the relatively small difference between these two large fluxes, is fundamental to the net carbon budget of forests and to the global carbon balance (Ibrom et al., [2006](#jame20766-bib-0077){ref-type="ref"}).

Vegetation carbon‐use‐efficiency (CUE), the ratio of net to gross primary productivity, is an effective metric for quantifying the interaction between plant physiology and climate. CUE reflects the fraction of photosynthesis that is not used for autotrophic respiration (Manzoni et al., [2012](#jame20766-bib-0108){ref-type="ref"}; Zhang et al., [2013](#jame20766-bib-0196){ref-type="ref"}), which is considered one of the key characteristics of both plants and ecosystem functioning (Bradford & Crowther, [2013](#jame20766-bib-0020){ref-type="ref"}; Zhang et al., [2013](#jame20766-bib-0196){ref-type="ref"}). Despite its importance, CUE is often rarely analyzed (as plant respiration) in climate change scenarios studies. CUE is known to depend on forest age (Chen & Luo, [2015](#jame20766-bib-0027){ref-type="ref"}; Luyssaert et al., [2007](#jame20766-bib-0104){ref-type="ref"}), forest structure (Goulden et al., [2011](#jame20766-bib-0064){ref-type="ref"}), soil fertility (but more specifically as biomass production efficiency \[BPE\], i.e., biomass production/gross primary production \[GPP\], Vicca et al., [2012](#jame20766-bib-0177){ref-type="ref"}), climate (Frank et al., [2015](#jame20766-bib-0054){ref-type="ref"}; Zhang et al., [2017](#jame20766-bib-0197){ref-type="ref"}), and disturbances. Therefore, CUE is a metric particularly prone to respond to changes in climate, forest development, aging, and management (Campioli et al., [2015](#jame20766-bib-0025){ref-type="ref"}; Skubel et al., [2015](#jame20766-bib-0158){ref-type="ref"}).

Here we present a comprehensive modeling assessment of the carbon budget of managed forests as determined by the interaction among the climatic, structural, and physiological plant features such as stand development and management variables.

The objectives of the analysis are the following: to evaluate model reliability when forced with both historical measured and modeled climate data compared to site measurements of GPP, net primary production (NPP), production of woody compounds (NPP~wood~), and autotrophic respiration (*R* ~*a*~);to quantify the model\'s sensitivity to climate change and the role of warming and increasing atmospheric \[CO~2~\] on plant physiology and functioning, and forest development;to estimate variations in plant CUE and the related changes in carbon sequestration of forest ecosystems due to different climate and management scenarios (see in section [2](#jame20766-sec-0002){ref-type="sec"} the description for the type of management applied).

To address these goals, we first analyze the dynamics of the main key autotrophic components of the carbon budget as the unit mass per unit area per unit time, thus GPP, NPP and *R* ~*a*~, and relative CUE, as well as carbon allocation. We then analyze how projected changes in CUE affect forest carbon stocks as the unit mass per unit area and the biomass annually stored (namely NPP~wood~) into long‐lived tree woody pools (stems and branches). We focus on the woody pools for their relatively long turnover times and capacity to potentially store assimilated carbon dioxide for many years (Hyvönen et al., [2007](#jame20766-bib-0076){ref-type="ref"}). Our management of the forest consists of thinning and harvesting that we analyze by studying carbon allocated into woody pools and harvested wood biomass. Both standing and harvested woody biomass are assumed here to represent a permanent carbon pool, thus reflecting the potential of forests to sequester and stock carbon (i.e., harvested biomass does not back to the atmosphere, for example, through decomposition or its usage). We also include unthinned simulations and a baseline climate and stable \[CO~2~\] scenarios as a benchmarking reference. Note that, although important, heterotrophic and soil responses are voluntarily taken out from this analysis to deeply focus on physiological climate‐induced responses of plants to climate warning, \[CO~2~\] enrichment, and scenarios of forest management.

2. Materials and Methods {#jame20766-sec-0002}
========================

2.1. Model Description {#jame20766-sec-0003}
----------------------

The 3D‐CMCC FEM (EuroMediterranean Centre on Climate Change Forest Ecosystem Model, Collalti et al., [2014](#jame20766-bib-0034){ref-type="ref"}, [2016](#jame20766-bib-0033){ref-type="ref"}, [2017](#jame20766-bib-0032){ref-type="ref"}; Marconi et al., [2017](#jame20766-bib-0109){ref-type="ref"}) is a stand‐scale process‐based model simulating photosynthesis, autotrophic respiration, and net primary productivity of representative average trees grouped into cohorts (sensu Fischer et al., [2017](#jame20766-bib-0052){ref-type="ref"}), at a daily temporal resolution (for a full description of model principles grounded and formulations, see Collalti et al., [2014](#jame20766-bib-0034){ref-type="ref"}, [2016](#jame20766-bib-0033){ref-type="ref"} and Marconi et al., [2017](#jame20766-bib-0109){ref-type="ref"}; [supporting information](#jame20766-supinf-0001){ref-type="supplementary-material"} Table [S1](#jame20766-supitem-0001){ref-type="supplementary-material"}).

Photosynthesis is computed through the light use efficiency approach (Landsberg & Waring, [1997](#jame20766-bib-0095){ref-type="ref"}; Monteith, [1972](#jame20766-bib-0121){ref-type="ref"}; see below for an in‐depth description of model formulations and implementations) where the radiation interception is represented through the Beer\'s law by a two‐stream scheme for a single canopy divided into Sun and shaded leaves (Thornton, [2010](#jame20766-bib-0166){ref-type="ref"}) and horizontally crowns are distributed within the grid cell in a similar manner as in the *Perfect Plasticity Approximations* (Strigul et al., [2008](#jame20766-bib-0161){ref-type="ref"}).

Autotrophic respiration (as the sum of growth and maintenance respiration) is explicitly simulated and directly controlled by living biomass (see below for an in‐depth description of model formulations and implementations). Growth and maintenance respiration of new and living biomass (substrate pools) are computed by each component (i.e., foliage, fine roots, and wood), following the McCree\'s ([1970](#jame20766-bib-0111){ref-type="ref"}) paradigm. Changes in live woody pools are controlled annually by fixed species‐specific turnover rates. Daily NPP is the result of GPP less autotrophic respiration. Allocation of assimilates to seven different pools (structural pools): that is, stems, branches, leaves, fine and coarse roots, and fruits and one nonstructural carbon compound (nonstructural carbohydrates, NSC), is done with a daily update and strongly coupled to the model\'s phenology scheme (Arora & Boer, [2005](#jame20766-bib-0009){ref-type="ref"}; Collalti et al., [2016](#jame20766-bib-0033){ref-type="ref"}; Marconi et al., [2017](#jame20766-bib-0109){ref-type="ref"}; Vacchiano et al., [2018](#jame20766-bib-0207){ref-type="ref"}). The carbon partitioning ratios are based on species‐specific parameters that are dynamically forced by limiting factors (i.e., radiation and water availability) and by phenology (e.g., budburst; Collalti et al., [2014](#jame20766-bib-0034){ref-type="ref"}; Friedlingstein et al., [1998](#jame20766-bib-0056){ref-type="ref"}; Krinner et al., [2005](#jame20766-bib-0092){ref-type="ref"}). The general scheme considers, for example, that nonstructural carbon compounds have priority in carbon allocation for refilling the NSC pool followed by leaf and fine root production and only successively for the other pools (Dietze et al., [2014](#jame20766-bib-0044){ref-type="ref"}; Krinner et al., [2005](#jame20766-bib-0092){ref-type="ref"}). The ratios on which carbon is allocated for the other structural pools during the year follow the general scheme described in Friedlingstein et al. ([1998](#jame20766-bib-0056){ref-type="ref"}) for *capturing the most limiting resources* (in our case water and light, see below for in‐depth description). The relative nitrogen (N) pools, by fixed C:N ratios for each pool, are updated daily based on the relative amount of carbon in each pool. The use of allometric relationships, for example, to the calculations of monthly diameter at breast height (DBH) from the increased monthly stem biomass pool, is limited into the model avoiding that uncertainties in their usage outside the current climatic conditions, on which they were created, may falsify model results.

Water balance is computed as the balance between inflows (i.e., precipitation) and outflows (canopy evapotranspiration, soil evaporation, runoff, and/or percolation) of the daily water flows. Stomatal conductance is modeled by the Jarvis method (Jarvis, [1976](#jame20766-bib-0079){ref-type="ref"}) in which maximum stomatal conductance (a fixed species‐specific parameter) is reduced by scaling factors controlled by environmental (e.g., temperature, vapor pressure deficit, and soil water content), as, for example, in the Biome‐BGC model (Thornton et al., [2002](#jame20766-bib-0168){ref-type="ref"}), and structural (e.g., stand age) variables. Additionally, leaf stomatal conductance is controlled by a specific \[CO~2~\] modifier that reduces the maximum stomatal conductance with rising \[CO~2~\] as in Franks et al. ([2013](#jame20766-bib-0055){ref-type="ref"}) and Hidy et al. ([2016](#jame20766-bib-0074){ref-type="ref"}). Leaf transpiration (as also canopy and soil evaporation) is computed through the widely used Penman‐Monteith approach (Campbell *&* Norman, [1998](#jame20766-bib-0023){ref-type="ref"}; Monteith, [1965](#jame20766-bib-0120){ref-type="ref"}) and is computed separately for Sun and shade leaves and subsequently scaled to canopy level. Excess water from the site‐specific soil field capacity is lost via runoff or percolation (not distinguished). Long‐term model processes include changes in forest structure (e.g., self‐pruning), changes in carbon biomass ratio (e.g., variable fraction of living cells within the sapwood biomass) and tree mortality. In 3D‐CMCC FEM three different mortalities are simulated. One stochastically accounts yearly for age in which each tree, within cohorts, has a certain probability of death based on species‐specific maximum age (a parameter that represents the maximum age likely to be attained by the species). The second considers the annual balance between depletion of NSC through substrate‐dependent maintenance respiration and its accrual through net primary productivity; when all over the simulation period the nonstructural carbon pool is fully depleted (i.e., carbon starvation), the model removes such trees (see also Naudts et al., [2015](#jame20766-bib-0128){ref-type="ref"}). The third is a crowding competition (e.g., self‐thinning) mortality function as described in Sitch et al. ([2003](#jame20766-bib-0157){ref-type="ref"}) and Collalti et al. ([2014](#jame20766-bib-0034){ref-type="ref"}).

The meteorological input data include solar radiation (MJ·m^−2^·day^−1^), maximum and minimum air temperature (°C), relative humidity (%), and precipitation (mm/day). Model initialization requires the initial stand conditions, that is, species composition, age, tree height, DBH, and stand density. Soil data include physical and chemical characteristics (e.g., soil texture, soil depth, and bulk density) as well as stand topography (e.g., latitude). The species‐level parameterization includes ecophysiological traits (e.g., maximum canopy quantum efficiency and maximum stomatal conductance) and allometric characteristics (e.g., maximum and minimum crown diameter to DBH ratio).

To predict the effects of climate change and management on forests, the model version used for this study (i.e., v.5.3.3‐ Intersectoral Impact Model Intercomparison Project, ISIMIP) implements the current state of the art for several (offline) climate change‐dependent processes that differ from previous model versions in order to simulate processes occurring over medium to long time periods (more than 100 years): e.g., self‐pruning and ‐thinning, and age‐dependent mortality;account for the physiological effects of rising \[CO~2~\] (i.e., fertilization and stomatal acclimation to increasing \[CO~2~\]);account for short‐ to long‐term thermal acclimation on maintenance respiration; andaccount for forest management practices (i.e., thinning and final harvesting, see below for an in‐depth description).

2.2. Main Model Implementations on the Simulation of Plant Physiology {#jame20766-sec-0004}
---------------------------------------------------------------------

### 2.2.1. CO~2~ Fertilization Effects and Thermal Acclimation on Photosynthesis {#jame20766-sec-0005}

The CO~2~ enrichment is considered to produce a fertilization effect when the atmospheric CO~2~ concentration (\[CO~2curr~\], ppmv) is above the reference level for which the model has been parameterized (\[CO~2ref~\], ppmv; Ainsworth & Long, [2005](#jame20766-bib-0002){ref-type="ref"}; Ellsworth et al., [2010](#jame20766-bib-0049){ref-type="ref"}; De Kauwe et al., [2013](#jame20766-bib-0039){ref-type="ref"}; Medlyn et al., [2015](#jame20766-bib-0117){ref-type="ref"}; Nowak et al., [2004](#jame20766-bib-0134){ref-type="ref"}; Veroustraete et al., [2002](#jame20766-bib-0175){ref-type="ref"}; Zahele et al., [2014](#jame20766-bib-0194){ref-type="ref"}) leading to an increase in light use efficiency (Norby et al., [2005](#jame20766-bib-0133){ref-type="ref"}). The general equation by which 3D‐CMCC FEM versions (see Collalti et al., [2014](#jame20766-bib-0034){ref-type="ref"}, [2016](#jame20766-bib-0033){ref-type="ref"}) compute daily gross primary productivity (g C·m^−2^·day^−1^) is $${GPP} = \alpha_{c} \times \text{APAR}$$where $$\alpha_{c} = \alpha_{x} \times f_{n} \times \left( {f_{T} \times f_{{CO}_{2}}} \right)$$ *α* ~*c*~ and *α* ~*x*~ are the current and maximum quantum canopy efficiencies (mol C·mol·PAR^−1^), *APAR* is the Absorbed Photosynthetically Active Radiation (PAR, MJ·m^−2^·day^−1^) from the canopy and normalized modifiers (*f* ~*n*~). Both modifiers are physiological (i.e., age effect) and environmental scalars (e.g., vapour pressure deficit and soil water) while *f* ~*T*~ is the temperature scalar with values between 0 and 1 (see [supporting information](#jame20766-supinf-0001){ref-type="supplementary-material"} Table [S1](#jame20766-supitem-0001){ref-type="supplementary-material"}). In 3D‐CMCC FEM the CO~2~ fertilization is calculated using a daily CO~2~ modifier (*f* ~CO2~) that increases the efficiency at which absorbed light is converted into photosynthates by increasing \[CO~2~\] (different from other modifiers, *f* ~CO2~ varies from 1 to 1.x; Figure [1](#jame20766-fig-0001){ref-type="fig"}a) and that depends on the daily average temperature (Figure [1](#jame20766-fig-0001){ref-type="fig"}b). Following Collatz et al. ([1991](#jame20766-bib-0035){ref-type="ref"}) and after Veroustraete ([1994](#jame20766-bib-0174){ref-type="ref"}) and Veroustraete et al. ([2002](#jame20766-bib-0175){ref-type="ref"}): $$f_{{CO}_{2}} = \frac{\left\lbrack {CO}_{2\ \text{curr}} \right\rbrack - \frac{\left\lbrack O_{2} \right\rbrack}{2\tau}}{\left\lbrack {CO}_{2\ {ref}} \right\rbrack - \frac{\left\lbrack O_{2} \right\rbrack}{2\tau}} \times \frac{{K_{m}}^{{CO}_{2}}\left( {1 + \frac{\left\lbrack O_{2} \right\rbrack}{K_{0}}} \right) + \left\lbrack {CO}_{2\ {ref}} \right\rbrack}{{K_{m}}^{{CO}_{2}}\left( {1 + \frac{\left\lbrack O_{2} \right\rbrack}{K_{0}}} \right) + \left\lbrack {CO}_{2\ \text{curr}} \right\rbrack}$$

![Trends for the *f* ~CO2~ modifier for assimilation based on the climate change using four Representative Concentration Pathways (RCPs 2.6, 4.5, 6.0, 8.5) used for forcing the model (reference \[CO~2~\] = \~370 ppmv): (a) variations of modifier related to changes of \[CO~2~\] along the simulation period at fixed temperature 20 °C; (b) sensitivity of *f* ~CO2~ modifier at fixed \[CO~2~\] (based on the 2099 values for each RCPs) and variable temperature. Parameterization for equations [(1)](#jame20766-disp-0001){ref-type="disp-formula"}--[(4)](#jame20766-disp-0004){ref-type="disp-formula"} follows from values given in Veroustraete ([1994](#jame20766-bib-0174){ref-type="ref"}) and Veroustraete et al. ([2002](#jame20766-bib-0175){ref-type="ref"}).](JAME-10-2427-g001){#jame20766-fig-0001}

where \[O~2~\] is the atmospheric oxygen concentration (%), *K* ~*m*~ ^CO2^ (ppmv CO~2~) and *K* ~*o*~ (%O~2~) are the Michaelis‐Menten Rubisco affinity coefficients for CO~2~ and the Michaelis‐Menten inhibition coefficient for O~2~, respectively, and *τ* is the CO~2~/O~2~ specificity ratio (dimensionless). As shown by Badger and Collatz ([1977](#jame20766-bib-0015){ref-type="ref"}), Veroustraete ([1994](#jame20766-bib-0174){ref-type="ref"}), and Veroustraete et al. ([2002](#jame20766-bib-0175){ref-type="ref"}), *K* ~*m*~ ^CO2^ and *K* ~*o*~ are controlled by daily average temperature according to an Arrhenius relationship: $${K_{m}}^{{CO}_{2}} = Ae^{({- E_{a}/{({R_{gas}T_{K}})}})}$$

Veroustraete ([1994](#jame20766-bib-0174){ref-type="ref"}) showed that the CO~2~ fertilization has two phases and hence two sets of parameters that are used in the model, based on daily average air temperature. The two phases originate from a conformational change of Rubisco in the membranes and are incorporated as functions of daily average temperature *T* ~avg~: for *T* ~avg~ ≥ 15 °C *E* ~*a*~ = 59.4 (KJ/mol) and *A* = 2.419 × 10^13^for *T* ~avg~ \< 15 °C *E* ~*a*~ = 109.6 (KJ/mol) and *A* = 1.976 × 10^22^

The inhibition constant *K* ~*o*~ for the oxygen concentration O~2~ is computed as $$K_{o} = A_{0}e^{({- E_{a0}/{({R_{gas}T_{K}})}})}$$with *A* ~0~ = 8240 and *E* ~*a*0~ = 13913.5 (KJ/mol). For both the equations of *K* ~*m*~ ^CO2^ and *K* ~*o*~, *R* ~gas~ is the gas constant (8.314 J·mol^−1^·K^−1^) and *T* ~*K*~ is the daily average air temperature in Kelvin. The temperature dependence of *τ* is computed as $$\tau = A_{\tau}e^{({- E_{\mathit{a\tau}}/{({R_{gas}T_{K}})}})}$$wherein *A* ~*τ*~ = 7.87 × 10^−5^ and *E* ~*aτ*~ = −42896.9 (KJ/mol), and *R* ~gas~ again the gas constant.

Physiological studies of leaf photosynthesis, as reported by Sigurdsson et al. ([2002](#jame20766-bib-0156){ref-type="ref"}) and Medlyn et al. ([2011](#jame20766-bib-0116){ref-type="ref"}), describe a strong interaction between temperature and CO~2~ responses. When *f* ~CO2~ and *f* ~*T*~ are coupled, their interaction increases optimum temperature at which photosynthesis occurs (Figure [2](#jame20766-fig-0002){ref-type="fig"}), for about 1--2 °C, in line with the values reported by Battaglia et al. ([1996](#jame20766-bib-0016){ref-type="ref"}) and Kirschbaum ([2000](#jame20766-bib-0087){ref-type="ref"}), and, conversely, *f* ~CO2~ is downregulated, increasing distance from the optimum temperature.

![Effects of *f* ~CO2~ and *f* ~T~ coupling at fixed \[CO~2~\] (based on the 2099 \[CO~2~\] values for each RCPs) and variable daily average temperature (°C) for the different RCPs. Control *T* ~opt~ = 18 °C, resulting *T* ~opt~: RCP 2.6 *T* ~opt~ = 19 °C, RCP 4.5 *T* ~opt~ = 19 °C, RCP 6.0 *T* ~opt~ = 20 °C, RCP 8.5 *T* ~opt~ = 21 °C, with *T* ~max~ = 35 °C, *T* ~min~ = 0 °C. RCP = Representative Concentration Pathway.](JAME-10-2427-g002){#jame20766-fig-0002}

The equation by which all 3D‐CMCC FEM versions consider the dependency of photosynthesis to daily temperature, following Waring and McDowell ([2002](#jame20766-bib-0182){ref-type="ref"}), is given by $$f_{T} = \left( \frac{T_{avg} - T_{\min}}{T_{opt} - T_{\min}} \right)\left( \frac{T_{\max} - T_{avg}}{T_{\max} - T_{opt}} \right)^{\frac{({T_{\max} - T_{opt}})}{({T_{opt} - T_{\min}})}}$$where *f* ~*T*~ is a daily value (0--1) and *T* ~max~, *T* ~min~, *T* ~opt~ are maximum, minimum, and optimum temperatures for gross assimilation (*f* ~*T*~ = 0 if *T* ~avg~ ≤ *T* ~min~ or *T* ~avg~ ≥ *T* ~max~).

### 2.2.2. Autotrophic Respiration and Its Thermal Acclimation {#jame20766-sec-0006}

Maintenance respiration (*R* ~*m*~) uses a Q~10~ relationship with temperature and nitrogen content of live tissues for each tree structural pool. Hence, all species, when respiration is assessed on a proportional basis, exhibit similar degrees of change while, on an absolute basis, the degrees of change is higher for species with the highest N concentration. The model uses different temperature for different organs as, for example, soil temperature for coarse and fine roots, daytime and nighttime temperature for leaves, and daily average temperature for stem and branch respiration. Temperature responses of respiratory CO~2~ efflux rates from plants, soils, and ecosystems are frequently modeled through exponential functions with a constant Q~10~ value (Reich et al., [2016](#jame20766-bib-0142){ref-type="ref"}). This fixed Q~10~ temperature sensitivity parameter (= 2.0; Chen & Zhuang, [2013](#jame20766-bib-0029){ref-type="ref"}; Smith & Dukes, [2012](#jame20766-bib-0160){ref-type="ref"}; Thornton, [2010](#jame20766-bib-0166){ref-type="ref"}) implies that respiration increases exponentially with temperature leading to a gross overestimation or underestimation larger at local scale rather than at global scale (Atkin et al., [2008](#jame20766-bib-0011){ref-type="ref"}; Kattge et al., [2009](#jame20766-bib-0081){ref-type="ref"}). As discussed by Tjoelker et al. ([2001](#jame20766-bib-0169){ref-type="ref"}) and Smith and Dukes ([2012](#jame20766-bib-0160){ref-type="ref"}) there is a compelling body of evidence that plants acclimate, and at the same time there is clear evidence that respiratory Q~10~ is not likely to be constant but rather depends on both the shape of the temperature‐response curve and the range of temperatures used in its empirical determination. It is obvious that extrapolation beyond this range is speculative. Therefore, we included the Q~10~ modification proposed by Tjoelker et al. ([2001](#jame20766-bib-0169){ref-type="ref"}), Atkin and Tjoelker ([2003](#jame20766-bib-0014){ref-type="ref"}), and recently by Smith and Dukes ([2012](#jame20766-bib-0160){ref-type="ref"}) that more closely matches the instantaneous response of maintenance respiration (*R* ~*mTx*~, g C·m^−2^·day^−1^; i.e., *Type‐I* or *short‐term* acclimation, sensu Atkin et al., [2008](#jame20766-bib-0011){ref-type="ref"}, [2005](#jame20766-bib-0012){ref-type="ref"}; Atkin & Tjoelker, [2003](#jame20766-bib-0014){ref-type="ref"}) within the calculation expressed by the two following equations: $$Q_{10} = 3.22 - 0.046T_{x}$$and $$R_{T_{x}} = R_{ref}\ {Q_{10}}^{(\frac{T_{x} - T_{ref}}{10})}$$where *R* ~ref~ is the basal respiration rates (0.218 g C·g N^−1^·day^−1^; Ryan, [1991a](#jame20766-bib-0148){ref-type="ref"}; Thornton et al., [2007](#jame20766-bib-0167){ref-type="ref"}) at the reference temperature *T* ~ref~ (= 20 °C; Reich et al., [2016](#jame20766-bib-0142){ref-type="ref"}; Thornton et al., [2007](#jame20766-bib-0167){ref-type="ref"}). Maintenance respiration for each pool *x* is computed as in Cox ([2001](#jame20766-bib-0036){ref-type="ref"}) based on tissue nitrogen amount (N~x~, g N/m^2^) within each live biomass pool such that $$R_{\mathit{mTx}} = R_{T_{x}}N_{x}$$

This leads to a decrease in respiration to an increase in temperature at a peak temperature of \~35 °C (as in Smith & Dukes, [2012](#jame20766-bib-0160){ref-type="ref"}) via a sixth‐degree polynomial function, and it reflects an instantaneous response of respiration to temperature as a biochemical adjustment to this stimulus (Atkin & Tjoelker, [2003](#jame20766-bib-0014){ref-type="ref"}; Figure [3](#jame20766-fig-0003){ref-type="fig"}a).

![(a) Type‐I or short‐term acclimation. Comparison of *Q* ~10~ respiration rate function at varying temperature with no modification (fixed *Q* ~10~) R~no\_~Tx (*Q* ~10~ = 2.0) versus modified (variable *Q* ~10~) RT~x~ (*Q* ~10~ = 3.22--0.046T~x~ as in Smith & Dukes, [2012](#jame20766-bib-0160){ref-type="ref"}; for both *R* ~refx~ = 0.218 g C·gN^−1^·day^−1^, *T* ~ref~ = 20 °C, Collalti et al., [2016](#jame20766-bib-0033){ref-type="ref"}; Ryan, [1991a](#jame20766-bib-0148){ref-type="ref"}; Thornton et al., [2007](#jame20766-bib-0167){ref-type="ref"}). (b) Type‐II or long‐term acclimation. Comparison of daily leaf temperature respiration responses including only Type I (RT, blue line) and Type‐I + Type‐II acclimation (*R* ~Maccl~, red line). Temperature refers to 10‐days average temperature.](JAME-10-2427-g003){#jame20766-fig-0003}

The second modification implemented within the model represents the likely result of a biogeochemical plant adjustments and/or biogeochemical feedbacks in the long‐term response of respiration rates to temperature (*R* ~Maccl,~ g C·m^−2^·day^−1^; i.e., *Type‐II* or *long‐term* acclimation, Atkin et al., [2008](#jame20766-bib-0011){ref-type="ref"}, [2005](#jame20766-bib-0012){ref-type="ref"}; Atkin & Tjoelker, [2003](#jame20766-bib-0014){ref-type="ref"}) that leads to a decrease in the temperature‐mediated basal rate response curve with increasing temperature as described by Smith and Dukes ([2012](#jame20766-bib-0160){ref-type="ref"}) through $$R_{M_{\text{accl}}} = R_{\mathit{mT}_{x}}10^{\mathit{A}\ {({T_{10\text{days}} - T_{Ref}})}}$$where *A* represents a constant temperature correction factor for acclimation (−0.00794, Atkin et al., [2008](#jame20766-bib-0011){ref-type="ref"}, Smith & Dukes, [2012](#jame20766-bib-0160){ref-type="ref"}; Figure [3](#jame20766-fig-0003){ref-type="fig"}b) and *T* ~10days~ the preceding 10 days average daily temperature. Growth respiration (or synthesis respiration; *R* ~*g*~, g C·m^−2^·day^−1^) is assumed into the model to decrease linearly with aging, from 35% to 25% of the daily assimilates used for structural growth (Larcher, [2003](#jame20766-bib-0096){ref-type="ref"}), and is temperature independent (Amthor, [2000](#jame20766-bib-0005){ref-type="ref"}). No direct effects of increased \[CO~2~\] are modeled since Free‐Air Carbon dioxide Enrichment (FACE) experiments, increased respiration rate under elevated CO~2~ was primarily due to increased biomass, and no change in growth respiration rate was observed as reported by Hamilton et al. ([2001](#jame20766-bib-0069){ref-type="ref"}).

2.3. Site Description {#jame20766-sec-0007}
---------------------

The simulation experiments are applied to three European forests sites of the Fluxnet network included within the ISIMIP: a Danish temperate European Beech (Fagus sylvatica L.) forest (Sorø, Pilegaard et al., [2011](#jame20766-bib-0140){ref-type="ref"}), a Norway Spruce (Picea abies (L.) H. Karst) stand in Czech Republic (Bílý Kříž, Godbold et al., [2015](#jame20766-bib-0063){ref-type="ref"}), and a Finnish boreal Scots pine (Pinus sylvestris L.) forest (Hyytiälä, Makela et al., [2006](#jame20766-bib-0106){ref-type="ref"}). These forests are all intensively monitored research sites that represent managed forests of the most common European deciduous and coniferous forest species (Table [1](#jame20766-tbl-0001){ref-type="table"}). Moreover, for these sites soil, stand, climate, eddy covariance measurements, and biometric data are available. Species‐specific model parameters are reported in Collalti et al. ([2014](#jame20766-bib-0034){ref-type="ref"}, [2016](#jame20766-bib-0033){ref-type="ref"}), whereas details on the observed management during the current simulation period were provided by the site Principal Investigators (henceforth PIs).

###### 

Sites Description and Stand Initialization Data Used in Simulations (Data Corresponds to the Year 1997)

  Site name   Species            Climate                       DBH (cm)        Age         Tree height (m)   Density (trees/ha)   LAI (m^2^/m^2^)  Soil type                                         Reference
  ----------- ------------------ ---------------------------- ---------- ---------------- ----------------- -------------------- ----------------- ------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------
  Sorø        F. sylvatica L.    Cool temperate, suboceanic       25      80 (even aged)         25                 400                  5         Mollisoil rich in clay(8--23%)                    Dalsgaard et al. (2011), Pilegaard et al. ([2011](#jame20766-bib-0140){ref-type="ref"})
  Hyytiälä    P. sylvestris L.   Boreal                          10.3     28 (even aged)         10                1,800                 3         Podzol with sandy and coarse silty glacial till   Mencuccini and Bonosi ([2001](#jame20766-bib-0202){ref-type="ref"}), Makela et al. ([2006](#jame20766-bib-0106){ref-type="ref"})
  Bílý Křiž   P. abies L.        Cold continental                7.1      16 (even aged)         5.6               2,408                7.5        Mesozoic Godulas sandstone                        Godbold et al. ([2015](#jame20766-bib-0063){ref-type="ref"})

*Note*. DBH = diameter at breast height; LAI = leaf area index.

2.4. Simulation Experiment Design {#jame20766-sec-0008}
---------------------------------

We performed 100 simulations for each site, combining different components (stable \[CO~2~\] or not, thinning interventions or not, and five Earth System Model climate forcing data sets with four different Representative Concentration Pathways, RCPs) including a *no climate change* reference scenario to disentangle the effects of each single component on modeled key variables and model sensitivity by combining five different ESMs climate output data to provide climate boundary conditions and to test the sensitivity of results against different input climate forcing;two \[CO~2~\] options: stable CO~2~ after 2000 or varying consistently with RCPs;four different forcing scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) to test model\'s sensitivity to warming and \[CO~2~\];two management options: a control, interrupting management (i.e., leaving the stand to develop with no thinning from 1997, namely *natural* or *unthinned*), and the Business‐As‐Usual (BAU) management to assess the effects of such management on forests (see below for an in‐depth description); andfinally, to consider the case of no climate change as a benchmark, the 1997--2005 scenario was randomly repeated up to 2099. This additional climate simulation was named Control (*baseline* climate), and the \[CO~2~\] in this case was held constant to the value of year 2000 (368.86 ppmv) or let it varies accordingly to the value of the specific year.

The year 1997 was considered as the starting year of the climate series for all sites, consistent with the availability of measured stand data. Simulations were performed up to 2099 with the aim to cover the most economic rotation length for each species (i.e., the rotation age at which the economic revenue of the wood yield literature suggests to be maximized, in our case at Sorø 140 years).

From these simulations, model outputs have been extracted and used for model evaluation (one data set for each ESM) for the period 1997--2005. The model outputs after 2005 were excluded from model evaluation since 2006; the climate data transitions to scenario are forced by different \[CO~2~\].

We organized the analysis in a factorial design (Mason et al., [2003](#jame20766-bib-0110){ref-type="ref"}) across the matrix of the components (100 factorial combinations for each site) to identify the most influential ones that drive model results ([supporting information S3](#jame20766-supinf-0001){ref-type="supplementary-material"}).

2.5. Forest Management {#jame20766-sec-0009}
----------------------

Forest management represents an anthropogenic perturbation to the natural dynamic of the ecosystem. The Intergovernmental Panel on Climate Change guidelines define managed land as the area *where human interventions and practices have been applied to perform production, ecological, or social functions* (IPCC, [2006](#jame20766-bib-0078){ref-type="ref"}).

We implemented a simple BAU management routine that basically simulates an *intensive even‐aged approach* forest management following Dunker et al. ([2012](#jame20766-bib-0047){ref-type="ref"}) through thinning and, at the rotation period, through harvesting, as observed at each of the sites analyzed. Thus, in the present work, forest *management* represents thinning and harvesting practices. These management guidelines differ for each site and species and are characterized by *thinning intensity* (i.e., percentage of stand basal area to remove based on total stand basal area),*Thinning interval* (i.e., years between operations), and*Rotation age* (i.e., stand age at which the final harvest occurs)

Both thinning and harvesting occur at the end of the year and to close both daily, monthly and annual carbon budget, such pools are accounted for before their removal.

For the Sorø site we used the variable values as described for F. sylvatica by Cescatti and Piutti ([1998](#jame20766-bib-0026){ref-type="ref"}) and Hein and Dhote ([2006](#jame20766-bib-0072){ref-type="ref"}) that closely match with the historical management practices observed also in Sorø (thinning intensity 30% of standing basal area, interval 15 years, stand age for final harvest 140 years).

For the evergreen sites we use the values described in Lasch et al. ([2005](#jame20766-bib-0097){ref-type="ref"}) and Fürstenau et al. ([2007](#jame20766-bib-0059){ref-type="ref"}) which, on average report, have a thinning intensity of 30%, an interval of 15 years, and a stand age for final harvest of 120 years for Norway spruce and a thinning intensity of 20%, an interval of 15 years, and a stand age for final harvest of 140 years for Scots pine. To stay compliant with the history of management observed at these sites, harvesting has not been simulated since both Bílý Kříž and Hyytiälä did not reach the age for final felling as Sorø did during simulation. When the stand age for final harvest is reached in Sorø, all trees are completely removed; the below ground fraction into the soil is not taken into account by the model. At the year after harvesting, the plot is replanted with new trees of the same species (i.e., 6000 trees/ha, dbh = 1 cm, tree height = 1.3 m, and age = 5 years, as described by personal communications with PIs site and as adopted into the ISIMIP protocol) covering mandatory model initial variables needed for model runs.

Our management guidelines are the same as those adopted by the models participating in the ISIMIP. We note that we examine sensitivity to climate and management using synthetic management strategies and do not attempt to replicate a site‐specific management scheme. We are aware that forest management may comprise other operations such as soil preparation, ground vegetation control, fire control, drainage, and pest control, which are not, however, considered in this study. Natural regeneration was also not considered since it was not observed in the stands.

3. Climate and Evaluation Data {#jame20766-sec-0010}
==============================

We used climate simulation data from the ISIMIP Fast Track initiative (<https://www.isimip.org/>, Warszawski et al., [2014](#jame20766-bib-0184){ref-type="ref"}), based on the Climate Model Intercomparison Project 5 in which Earth System Models (ESMs), were driven by four RCPs associated with different scenarios of greenhouse gas concentrations, namely RCP2.6, RCP4.5, RCP6.0, and RCP8.5 (Moss et al., [2010](#jame20766-bib-0124){ref-type="ref"}; van Vuuren et al., [2011](#jame20766-bib-0179){ref-type="ref"}; [supporting information S1](#jame20766-supinf-0001){ref-type="supplementary-material"}). ISIMIP provides climate simulations under all these RCPs for five ESMs (HadGEM2‐ES, IPSL‐CM5A‐LR, MIROC‐ESM‐CHEM, GFDL‐ESM 2M, and NorESM1‐M), whose data (1950--2099) were bias corrected and downscaled to a common grid resolution of 0.5° × 0.5° according to Hempel et al. ([2013](#jame20766-bib-0073){ref-type="ref"}) (for the ISIMIP ESMs representativeness see McSweeney & Jones, [2016](#jame20766-bib-0113){ref-type="ref"}). In terms of meteorological input data for 3D‐CMCC‐FEM, temperatures, precipitation, and radiation were available as bias‐corrected/downscaled variables, while uncorrected values for relative humidity have been used. Climate variables for the selected forest stands were extracted from the grid cell of the downscaled climate forcing data set in which each stand is located.

Model evaluation was performed by comparing simulated GPP against the eddy covariance estimates (nighttime method with constant USTAR, Reichstein et al., [2005](#jame20766-bib-0144){ref-type="ref"}) as reported in the FLUXNET2015 data set (<http://fluxnet.fluxdata.org/>) for the period 1997--2005. Daily GPP data with low‐quality check values (less than 0.5; Papale et al., [2006](#jame20766-bib-0137){ref-type="ref"}) were removed from both the measured and modeled data sets. We are aware that eddy covariance GPP is derive from net ecosystem exchange measurements and is not a directly measured flux although it is strongly based on direct measurements (however, for former net ecosystem exchange model validation and discussion, see Marconi et al., [2017](#jame20766-bib-0109){ref-type="ref"}). The use of eddy covariance GPP in modeling is, however, largely adopted as testing variable for model robustness (e.g., Bonan et al., [2012](#jame20766-bib-0019){ref-type="ref"}).

Additionally, we compared each model output produced for each site with the five ESMs available up to 2005; subsequent years were excluded from the comparison since the scenario period in the ESMs starts in 2006, and hence, ESMs are driven by different \[CO~2~\] pathways after 2006. Even though the climate pathway in the historical ESM simulations does not reflect the actual observed climate pathway, the bias correction ensures that the simulated climate matches the observed climate on average. Simulated NPP~wood~ was evaluated using data provided by site PIs, while NPP and *R* ~a~ were evaluated using literature data. In order to check the reliability of meteorological data obtained from downscaling coarse models, we additionally compared the mean daily temperature and precipitation from the ensemble of the ESMs with measurements collected over the three selected sites.

4. Results {#jame20766-sec-0011}
==========

We focus on the following key variables of the autotrophic ecosystem carbon budget: gross photosynthesis, autotrophic respiration, net primary productivity, carbon use efficiency (CUE) and tree woody stocks (i.e., stems, branches, and coarse roots), and carbon fluxes to tree woody compounds (i.e., NPP~wood~). For each of these variables we first present the intercomparison of model simulation with site observations and then explore the future trends under thinned and unthinned scenarios.

4.1. Evaluation {#jame20766-sec-0012}
---------------

The comparison of GPP simulated by 3D‐CMCC‐FEM and forced by five ESMs with eddy covariance data over the 1997--2005 historical period shows that the model satisfactorily reproduces the daily GPP cycle at the three selected sites (Hyytiälä *R* ^2^ = 0.78, Bílý Kříž *R* ^2^ = 0.59, and Sorø *R* ^2^ = 0.83); the correlations of 3D‐CMCC‐FEM forced by climate models are only marginally lower than the same correlations obtained by forcing the model with measured climate data (Hyytiälä *R* ^2^ = 0.84, Bílý Kříž *R* ^2^ = 0.68, and Sorø *R* ^2^ = 0.89), implying both reliable meteorological forcing and overall model predictability. The model reproduces seasonal GPP changes reasonably well, and it correctly identifies the start and the end of the growing season (Figure [4](#jame20766-fig-0004){ref-type="fig"}, top row); the root‐mean‐square error obtained from daily data is 1.55 g C·m^−2^·d^−1^ for Hyytiälä, 2.51 g C·m^−2^·d^−1^ for Bílý Kříž, and 2.5 g C·m^−2^·d^−1^ for Sorø ([supporting information S2](#jame20766-supinf-0001){ref-type="supplementary-material"}).

![Validation for seasonal and annual GPP trends. Top row shows the seasonal course of average daily GPP over the years, bottom row the temporal trend of annual GPP (DoY = day of year). Shaded area represents the maximum and minimum bounds of GPP values among the five ESMs used to force the model (GPP ESM clim.), red line represents the average GPP values when model is forced by observed climate (GPP Obs. clim.), and black dots represent the quality checked and filtered GPP values evaluated at the sites by the eddy covariance technique (GPP Meas.). OT = observed thinning; ESMs = Earth System Models; GPP = gross primary production.](JAME-10-2427-g004){#jame20766-fig-0004}

Observed GPP falls inside the range of variability of the different ESMs, identified by the shaded area in Figure [4](#jame20766-fig-0004){ref-type="fig"} (bottom row and [supporting information S2](#jame20766-supinf-0001){ref-type="supplementary-material"}).

Modeled autotrophic respiration rates in the historical period are in line with the autotrophic respiration data reported by Granier et al. ([2008](#jame20766-bib-0066){ref-type="ref"}) for a beech forest (on average 751 ± 52 versus modeled 730 g C·m^−2^·year^−1^) and by Luyssaert et al. ([2007](#jame20766-bib-0104){ref-type="ref"}) for both boreal evergreen forests (558 ± 24.5 versus modeled 489 ± 83 g C·m^**−**2^·year^−1^) and temperate humid evergreen forests (726 ± 110 versus 951 ± 114 g C·m^**−**2^·year^**−**1^).

Modeled NPP (here defined as biomass production plus NSC) during the historical period agreed with data reported by different studies (e.g., Wu et al., [2013](#jame20766-bib-0189){ref-type="ref"}). At Sorø and for temperate deciduous forests NPP was 778 ± 133 gC·m^−2^·year^−1^ modeled versus 708 ± 65 g C·m^−2^·year^−1^ measured, at Hyytiälä and for boreal evergreen forests 423 ± 54 g C·^−2^·year^−1^ modeled versus 366 and 334 ± 55 g C·m^−2^·year^−1^ measured, and for temperate spruce forest at Bílý Kříž 619 ± 89 g C·^−2^·year^−1^ modeled versus 611 ± 45 g C·m^−2^·year^−1^ measured. Modeled NPP~wood~ values in the historical period are fairly close to the values measured at sites. Comparison of 1997--2005 measured to modeled data shows that the model tends to overestimate NPP~wood~ at Sorø for 198 ± 92 g C·m^−2^·year^−1^, at Hyytiälä for 97 ± 47 g C·m^−2^·year^−1^, and at Bílý Kříž for 121 ± 45 g C·m^−2^·year^−1^ (Figure [5](#jame20766-fig-0005){ref-type="fig"}).

![Comparison of the predicted annual NPP~wood~ values with site observations for the period 1997--2005. Shaded area represents the maximum and minimum bounds of NPP~wood~ values among the five ESMs used to force the model (GPP ESM clim.); red line represents the average NPP~wood~ values when model is forced by observed climate (GPP Obs. clim.). Black dots represent the measured NPP~wood~ values (GPP Meas.), and the gray shaded area represents the relative uncertainty bounds (Campioli et al., [2016](#jame20766-bib-0024){ref-type="ref"}; Luyssaert et al., [2007](#jame20766-bib-0104){ref-type="ref"}). Observed data for year 2002 at Hyytiälä was missing. OT = observed thinning; ESM = Earth System Model; GPP = gross primary production; NPP = net primary production.](JAME-10-2427-g005){#jame20766-fig-0005}

Modeled annual CUE in the historical period ranges between 0.46 and 0.53 at Sorø, which is close to the bounds of 0.45 and 0.50 described by Wu et al. ([2013](#jame20766-bib-0189){ref-type="ref"}) and Knohl et al. ([2008](#jame20766-bib-0090){ref-type="ref"}) for beech sites. For Hyytiälä modeled CUE is \~0.44, in the range of 0.32 reported by Xiao et al. ([2003](#jame20766-bib-0190){ref-type="ref"}), and 0.45--0.65 by Vanninen and Mäkelä ([2005](#jame20766-bib-0172){ref-type="ref"}) for Scots pine. For Bílý Kříž, modeled CUE is \~0.45, similar to reports for other Norway spruce stands (0.45--0.5) published by Luyssaert et al. ([2007](#jame20766-bib-0104){ref-type="ref"}) and Tang et al. ([2014](#jame20766-bib-0162){ref-type="ref"}) and those formerly described in Marconi et al. ([2017](#jame20766-bib-0109){ref-type="ref"}).

4.2. Future Projections {#jame20766-sec-0013}
-----------------------

### 4.2.1. Gross Primary Productivity {#jame20766-sec-0014}

In our simulations GPP is projected to increase in the future relative to the control and exhibits a monotonic increase with \[CO~2~\] and warming in all scenarios. One important factor affecting GPP is growing season length. Interestingly, in the near future (NF, 2020--2050) the length of the growing season for Sorø and Bílý Kříž (defined here as the period for conifers in which daily GPP is larger than zero) is similar across all RCPs and longer compared to the baseline control. At these two sites the growing season length is predicted to increase by \~15 days until 2050 across all RCPs and in the far future (FF, 2070--2099) by 20--60 days depending on the RCP used. At Hyytiälä the length of the growing season increases on average by 31 days across all RCPs until about 2050, and, on average, by 42 days at the end of the century. It is noteworthy that the variability of the length of growing season is strongly related to the variability among ESMs in distributing temperature seasonality throughout the year.

Thinning effects on GPP are evident for all sites and RCPs and are more apparent at Sorø during harvesting (which in the BAU management occurs at Sorø in 2061--2062, when the beech forest is \~140 years old), resulting in a stronger reduction of GPP for the subsequent years (harvesting has not been simulated at the other two sites since they did not reach the age for final felling). Reduction of GPP caused by harvesting is however only partially compensated over the few subsequent years by increased photosynthesis (that is more rapid with increasing warming and raising \[CO~2~\]) from the remaining trees and that accounts for \~420 g C·m^−2^·year^−1^ (18%) less GPP when compared in the FF to unthinned scenarios. At canopy closure, GPP increases monotonically, driven by warming and raising \[CO~2~\] following the patterns of unthinned simulations. At Hyytiälä in the NF, GPP decreases by about 205 g C·m^−2^·year^−1^ (\~14%) in management scenarios, but in the FF it is projected to increase by on average for about 370 g C·m^−2^·year^−1^ (\~18%) when compared to unthinned ones (Table [2](#jame20766-tbl-0002){ref-type="table"} and [supporting information S4](#jame20766-supinf-0001){ref-type="supplementary-material"}). Bílý Kříž shows a similar behavior to Sorø with lower values of GPP when compared to unthinned simulations both in the NF (\~186 g C·m^−2^·year^−1^, \~10%) and in the FF (\~260 g C·m^−2^·year^−1^, \~12%). In summary, GPP increases at each site with the effects of rising \[CO~2~\] and warming, largely in unthinned simulations rather that in managed ones. Absolute values for GPP across different setup combinations and scenarios are in depth shown in the [supporting information](#jame20766-supinf-0001){ref-type="supplementary-material"} ([S5](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S6](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S7](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S8](#jame20766-supitem-0001){ref-type="supplementary-material"}).

###### 

Percentage of Changes for Mean GPP, *R* ~*a*~, NPP, CUE, NPP~wood~, and Carbon Woody Stocks Between Thinned Versus Unthinned Simulations for Near Future (NF, 2020--2050) and Far Future (FF; 2070--2099) Time Windows

                         Hyytiälä   Bílý Křiž   Sorø                       
  ---------------------- ---------- ----------- -------- -------- -------- --------
  ΔGPP%                                                                    
  Control                −14.66     −18.28      −10.68   −13.68   −4.17    −38.55
  RCP2.6                 −13.70     19.50       −9.78    −13.34   −3.26    −26.71
  RCP4.5                 −13.65     18.55       −9.84    −12.41   −3.15    −19.12
  RCP6.0                 −13.75     17.85       −10.00   −11.89   −3.11    −17.38
  RCP8.5                 −13.45     17.30       −9.43    −11.81   −3.19    −11.21
  AVG                    −13.64     18.30       −9.76    −12.36   −3.18    −18.61
  Δ*R* ~*a*~%                                                              
  Control                −20.27     −25.44      −19.19   −26.39   −18.31   −67.41
  RCP2.6                 −19.53     −23.47      −17.95   −26.10   −16.99   −60.21
  RCP4.5                 −19.53     −22.78      −18.03   −24.96   −16.75   −53.53
  RCP6.0                 −19.56     −22.46      −18.05   −24.28   −16.82   −51.28
  RCP8.5                 −19.38     −22.52      −17.39   −24.49   −16.78   −45.98
  AVG                    −19.50     −22.81      −17.85   −24.96   −16.83   −52.75
  ΔNPP%                                                                    
  Control                −3.84      −2.31       5.19     15.08    20.88    29.06
  RCP2.6                 −1.69      2.07        6.26     19.49    20.97    63.41
  RCP4.5                 −1.61      3.22        6.26     20.02    20.52    66.41
  RCP6.0                 −2.11      2.96        5.35     19.68    20.73    61.86
  RCP8.5                 −1.30      7.62        5.89     25.16    20.17    77.30
  AVG                    −1.68      3.97        5.94     21.09    20.60    67.24
  ΔCUE%                                                                    
  Control                12.56      19.68       18.28    33.99    27.14    113.92
  RCP2.6                 13.75      22.24       18.43    38.50    26.14    128.13
  RCP4.5                 13.64      22.40       18.40    37.84    25.09    110.62
  RCP6.0                 13.19      21.38       17.52    36.57    25.38    101.42
  RCP8.5                 13.69      26.25       17.53    42.61    24.70    106.84
  AVG                    13.57      23.07       17.97    38.88    25.32    111.75
  ΔNPP~wood~%                                                              
  Control                7.08       18.59       13.16    31.32    33.26    71.29
  RCP2.6                 9.21       25.11       11.96    34.37    27.65    110.56
  RCP4.5                 8.95       24.42       11.98    32.28    26.54    91.47
  RCP6.0                 8.31       20.92       10.96    29.57    27.51    76.93
  RCP8.5                 8.86       28.23       10.28    35.27    25.32    90.40
  AVG                    8.83       24.67       11.30    32.87    26.76    92.34
  ΔCarbon woody stock%                                                     
  Control                6.90       41.58       12.32    41.45    9.34     38.09
  RCP2.6                 7.40       44.62       15.31    45.16    9.28     41.48
  RCP4.5                 7.49       44.98       15.52    45.15    8.95     40.59
  RCP6.0                 7.30       43.82       15.07    43.68    9.23     38.94
  RCP8.5                 7.50       45.71       15.19    44.99    9.01     41.38
  AVG                    7.42       44.78       15.27    44.74    9.12     40.60

*Note*. Average values are computed across ESMs considering the four RCPs. Positive values indicate a positive effect of management. ESMs = Earth System Models; RCPs = Representative Concentration Pathways; CUE = carbon use efficiency; NPP = net primary production; NF = near future; FF = far future; GPP = gross primary production.

### 4.2.2. Autotrophic Respiration {#jame20766-sec-0015}

Modeled autotrophic respiration at each site tends to clearly increase with temperature. Without thinning, autotrophic respiration increases with biomass accumulation due to warming and then stabilizes with increasing mortality. When thinning is simulated, modeled *R* ~*a*~ exhibits a saw‐tooth behavior at all sites: for a couple of years after thinning a decrease in *R* ~*a*~ occurs, followed by a subsequent increase that strongly depends on the RCP used. These trends are stronger at Sorø rather than at Hyytiälä due to a higher thinning intensity (30% versus 20% of standing basal area, i.e., higher removed biomass) and higher standing biomass. When compared to unthinned simulations, across the full suite of ESMs and RCPs, *R* ~*a*~ decreases on average from 224 (\~18%) to 385 g C·m^−2^·year^−1^ (\~25%) at Bílý Kříž in the NF and FF, respectively, from 178 (\~19%) to 301 g C·m^−2^·year^−1^ (\~23%) at Hyytiälä, and from 208 (\~16%) to 875 g C·m^−2^·year^−1^ (\~52%) at Sorø, respectively (Table [2](#jame20766-tbl-0002){ref-type="table"} and [supporting information S4](#jame20766-supinf-0001){ref-type="supplementary-material"}). In summary, *R* ~*a*~ decreases in unthinned simulations with respect to thinned ones as the results of reduced biomass per unit area, while warming tends generally to increase autotrophic respiration per unit of biomass. Absolute values for *R* ~*a*~ across different setup combinations and scenarios are in depth shown in the [supporting information](#jame20766-supinf-0001){ref-type="supplementary-material"} ([S5](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S6](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S7](#jame20766-supitem-0001){ref-type="supplementary-material"}, and [S8](#jame20766-supitem-0001){ref-type="supplementary-material"}).

### 4.2.3. Net Primary Productivity {#jame20766-sec-0016}

At all sites NPP is projected to increase with rising \[CO~2~\] both with and without thinning; conversely, when \[CO~2~\] is maintained at the current level, a general decline is foreseen with the exception of Sorø. Considering the mean across ESMs for each RCP, the positive spikes in NPP following thinning increase with greater warming. Compared to the unthinned case, the decrease of NPP due to forest development is effectively counterbalanced by thinning. At Sorø management practices enhance NPP on average by \~21% in the NF and by \~67% in the FF across ESMs and RCPs (relative to the unthinned scenario). When compared to unthinned cases, NPP shows positive trends across all RCPs also for Bily Kriz and Hyytiälä. In the NF, NPP at Bily Kriz is projected to increase on average by 6%, while at Hyytiälä it weakly decreases (\~2%). In the FF, NPP is projected to increase at both evergreen sites, from \~19% to \~25% at Bily Kriz and from \~2% to \~8% with RCP8.5 at Hyytiälä (Table [2](#jame20766-tbl-0002){ref-type="table"} and [supporting information S4](#jame20766-supinf-0001){ref-type="supplementary-material"}). Absolute values for NPP across different setup combinations and scenarios are in depth shown in the [supporting information](#jame20766-supinf-0001){ref-type="supplementary-material"} ([S5](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S6](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S7](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S8](#jame20766-supitem-0001){ref-type="supplementary-material"}).

### 4.2.4. Carbon Use Efficiency {#jame20766-sec-0017}

Without thinning CUE is generally projected to slightly decrease with increasing warming. At each site when thinning is not simulated, the lowest values are modeled in the years at the end of the rotation period, down to 0.28 at Sorø and 0.27 at both Hyytiälä and Bílý Kříž sites at the end of simulation period, respectively, which roughly corresponds to \~0.2 units less than at the beginning of simulation. At Sorø, when thinning is considered ([supporting information S5](#jame20766-supinf-0001){ref-type="supplementary-material"} and [S7](#jame20766-supitem-0001){ref-type="supplementary-material"}), CUE varies little across the full suite of ESMs, conversely, we found a large variability across RCPs, especially after harvesting, suggesting that CUE is highly responsive to this forest management practice and to stand development and that climatic changes may strengthen these effects. For the period 2070--2099 (i.e., after harvesting), CUE increases up to 0.61 (RCP2.6) and to 0.57 (RCP8.5), an increase twofold compared to unthinned simulations. At Hyytiälä CUE varies only from 0.35 (RCP6.0) to 0.32 (RCP8.5) at the end of century, decreasing from \~0.37 computed during the NF period (Figure [6](#jame20766-fig-0006){ref-type="fig"} and [supporting information S6 and S8](#jame20766-supitem-0001){ref-type="supplementary-material"}).

![Time series of mean annual CUE over the simulation period. Blue shaded area represents the maximum and minimum values for among ESMs and RCPs when management is considered (M), and red shaded area represents when management is not considered (N). Solid lines represent the average annual values among ESMs for each control (Ctrl) and RCP scenario when management is simulated, and dashed lines represent when management is not simulated (OT = observed thinning, PT = prescribed thinning, PH = prescribed harvesting). (a, e, and i) Simulations under RCP2.6 scenario; (b, f, j) RCP4.5 scenario; (c, g, k) RCP6.0 scenario; and (d, h, l) RCP8.5 scenario. ESMs = Earth System Models; CUE = carbon use efficiency; RCPs = Representative Concentration Pathways.](JAME-10-2427-g006){#jame20766-fig-0006}

When compared to simulations with the forest left undisturbed, the increase in CUE is \~16% in the NF and \~23% for the FF, respectively, across RCPs. At Bílý Kříž reductions in CUE with thinning are larger for the FF with increasing climate warming, varying from 0.38 with RCP2.6 to 0.35 with RCP8.5, corresponding to a reduction of less than 0.1 units, but still corresponding to \~38% and \~43% when compared to unthinned scenarios (Table [2](#jame20766-tbl-0002){ref-type="table"} and [supporting information S4](#jame20766-supinf-0001){ref-type="supplementary-material"}). In summary, in unthinned simulations CUE decreases with stand development, but both thinning and climate change compensate for this trend. Absolute values for CUE across different setup combinations and scenarios are in depth shown in the [supporting information](#jame20766-supinf-0001){ref-type="supplementary-material"} ([S5](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S6](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S7](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S8](#jame20766-supitem-0001){ref-type="supplementary-material"}).

### 4.2.5. NPP~wood~ and Carbon Woody Stocks {#jame20766-sec-0018}

In all simulations, the annual carbon allocated in woody pools and stocks increases with warming and with or without thinning, compensating for age related decline in baseline climate scenarios. Thinning increases the total carbon production at all sites with large variability among ESMs and RCPs. This is more evident at Sorø, where NPP~wood~ increases across RCPs, when compared to unthinned conditions, which increases in the NF and FF 1.29 (\~27%) and 3.67 t C·ha^−1^·year^−1^ (\~92%), respectively (Table [2](#jame20766-tbl-0002){ref-type="table"} and [supporting information S4](#jame20766-supinf-0001){ref-type="supplementary-material"}). At each temporal time frame (NF and FF) variability in NPP~wood~ increases, when compared to natural forest evolution, is fairly weaker to the variability found, across RCPs, for Sorø from on average from 0.39 (\~11%) to 1.19 t C·ha^−1^·year^−1^ (\~33%) for Bílý Kříž and from on average from 0.25 (\~9%) to 0.65 t C·ha^−1^·year^−1^ (\~25%) for Hyytiälä, respectively (Figure [7](#jame20766-fig-0007){ref-type="fig"}).

![Time series of mean annual NPP~wood~ over the simulation period. Blue shaded area represents the maximum and minimum values for among ESMs and RCPs when management is considered (M), and red shaded area when management is not considered (N). Solid lines represent the average annual values among ESMs for each control (Ctrl) and RCP scenario when management is simulated, and dashed lines when management is not simulated (OT = observed thinning, PT = prescribed thinning, PH = prescribed harvesting). (a, e, and i) Simulations under RCP2.6 scenario; (b, f, j) RCP4.5 scenario; (c, g, k) RCP6.0 scenario; and (d, h, l) RCP8.5 scenario. ESMs = Earth System Models; RCPs = Representative Concentration Pathways; NPP = net primary production.](JAME-10-2427-g007){#jame20766-fig-0007}

Carbon stocks in woody components (i.e., standing plus harvested woody biomass) increase, across sites and RCPs, in comparison to baseline climate and even more when compared to conditions where management is not simulated, while no appreciable differences among climate scenarios are simulated (Figure [8](#jame20766-fig-0008){ref-type="fig"}). Carbon woody stocks increase with thinning, and across RCPs, from \~9% to \~40% (corresponding to 27 and 175 t C/ha, respectively) at Sorø, from \~7% to \~45% (corresponding to 12 and 100 t C/ha, respectively) at Hyytiälä, whereas at Bílý Kříž they vary from \~15 to \~45% (corresponding to 31 and 144 t C/ha, respectively), in the NF and FF (Figure [8](#jame20766-fig-0008){ref-type="fig"}). In comparing scenarios to control climate in managed simulations no appreciable differences among sites are found in the NF (Table [2](#jame20766-tbl-0002){ref-type="table"} and [supporting information S4](#jame20766-supinf-0001){ref-type="supplementary-material"}). In summary, climate change and thinning and harvesting increase wood production and carbon stocks. Absolute values for NPP~wood~ and carbon woody stocks across different setup combinations and scenarios are in depth shown in the [supporting information](#jame20766-supinf-0001){ref-type="supplementary-material"} ([S5](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S6](#jame20766-supitem-0001){ref-type="supplementary-material"}, [S7](#jame20766-supitem-0001){ref-type="supplementary-material"}, and [S8)](#jame20766-supitem-0001){ref-type="supplementary-material"}.

![Time series of mean annual carbon woody stock (tC/ha) (i.e., the sum of standing and harvested woody biomass) over the simulation period. Blue shaded area represents the maximum and minimum values when management is considered (M), and red shaded area when management is not considered (N). Solid lines represent the average annual values among ESMs for each control (Ctrl) and RCP scenario when management is simulated, and dashed lines when management is not simulated (OT = observed thinning, PT = prescribed thinning, PH = prescribed harvesting). (a, e, and i) Simulations under RCP2.6 scenario; (b, f, j) RCP4.5 scenario, (c, g, k) RCP6.0 scenario, and (d, h, l) RCP8.5 scenario.](JAME-10-2427-g008){#jame20766-fig-0008}

5. Discussion {#jame20766-sec-0019}
=============

5.1. Forest Carbon Budget Under a Changing Climate {#jame20766-sec-0020}
--------------------------------------------------

During the historical period the model satisfactorily reproduces the carbon flux observations at the three sites. At both daily and annual temporal resolutions, observed GPP falls into the variability bounds of the modeling results for the five ESMs. Likewise, simulations of annual *R* ~*a*~, NPP (i.e., biomass production + NSC) and CUE are in agreement with data reported in the literature from different authors (e.g., Campioli et al., [2015](#jame20766-bib-0025){ref-type="ref"}; Luyssaert et al., [2007](#jame20766-bib-0104){ref-type="ref"}; Tang et al., [2014](#jame20766-bib-0162){ref-type="ref"} and Wu et al., [2013](#jame20766-bib-0189){ref-type="ref"}). The comparison between observed and measured annual NPP~wood~ shows that the model slightly overestimates the carbon allocated to woody pools. This potential overestimation may be due to (i) carbon fluxes usually not considered by models (e.g., carbon exudation to the rhizosphere, transfer to mycorrhizae, and volatile organic compounds) that may represent a significant fraction of annual NPP (Vicca et al., [2012](#jame20766-bib-0177){ref-type="ref"}) and (ii) some unaccounted biomass removed through management. It is also possible that observational estimates of NPP~wood~ might be biased, given the fact that some components (e.g., coarse roots and branches) are often calculated by indirect methods or by allometric relations that are inherently uncertain for specific site conditions (Clark et al., [2001](#jame20766-bib-0031){ref-type="ref"}; Wu et al., [2013](#jame20766-bib-0189){ref-type="ref"}).

In the absence of climate change and thinning, the model behaved in line with the widely accepted theories of Kira and Shidei ([1967](#jame20766-bib-0085){ref-type="ref"}) and Odum ([1969](#jame20766-bib-0136){ref-type="ref"}) of a *quasi‐equilibrium*, with GPP, NPP, and *R* ~*a*~ increasing over time, leveling off, and then gradually declining as the effect of forest development (Kirschbaum, [2005](#jame20766-bib-0088){ref-type="ref"}; Ryan et al., [2004](#jame20766-bib-0150){ref-type="ref"}; Zaehle et al., [2006](#jame20766-bib-0193){ref-type="ref"}), resulting in narrow bounds of NPP:GPP variability from the short period to medium period (Gifford, [2003](#jame20766-bib-0062){ref-type="ref"}; Litton et al., [2007](#jame20766-bib-0099){ref-type="ref"}; Waring et al., [1998](#jame20766-bib-0181){ref-type="ref"}). Under the control scenario (under both thinned and unthinned simulations), as well as under changing climate, the projected GPP is controlled by the warming rate and by the temperature sensitivity of the different species. Simulated GPP is driven by combined changes in photosynthetic responses and by the lengthening of the growing season (Keenan et al., [2014](#jame20766-bib-0082){ref-type="ref"}; Miller‐Rushing & Primack, [2008](#jame20766-bib-0119){ref-type="ref"}). In particular GPP for the beech stand benefits from warming due to the earlier bud break of leaves, in accordance with other modeling studies (e.g., Chen et al., [2016](#jame20766-bib-0028){ref-type="ref"}; Jeong et al., [2013](#jame20766-bib-0080){ref-type="ref"}; Loustau et al., [2005](#jame20766-bib-0102){ref-type="ref"}). To a lesser extent, also the simulated GPP in Hyytiälä and Bílý Kříž increased because of the positive effects of prolonged growing season as reported by Gauthier et al. ([2015](#jame20766-bib-0061){ref-type="ref"}).

To our knowledge, this is the first study investigating the role of autotrophic respiration within the framework of *managed‐driven* stand development under changing climate. In our simulations plant respiration increases, in spite the model implementations for short‐ to long‐term acclimation to warming, due to its direct relation to temperature and the increase in the amount of growth and maintenance respiratory substrate (Dore et al., [2012](#jame20766-bib-0045){ref-type="ref"}; Lu et al., [2013](#jame20766-bib-0103){ref-type="ref"}; Tjoelker et al., [1999](#jame20766-bib-0170){ref-type="ref"}). Our factorial analysis confirmed the positive response of simulated autotrophic respiration to warmer RCPs even for the FF ([supporting information S3](#jame20766-supinf-0001){ref-type="supplementary-material"}). In the studied forests, however, elevated \[CO~2~\], the lengthening of the growing season, and climate warming all increase forest productivity and biomass accumulation despite the increasing plant respiration. The rate and the speed at which warming will boost respiratory CO~2~ release and the extent to which acclimation will outweigh this increase are however still debated, and estimates have ranged from a likely increase (Piao et al., [2010](#jame20766-bib-0139){ref-type="ref"}) to a site‐dependent impact of variable magnitude (Lloyd & Farquhar, [2007](#jame20766-bib-0100){ref-type="ref"}; Reich et al., [2016](#jame20766-bib-0142){ref-type="ref"}; Wu et al., [2016](#jame20766-bib-0188){ref-type="ref"}). Other studies have contradicted the idea of a simple temperature‐related stimulation of autotrophic respiration particularly when water becomes limiting (Verburg et al., [2005](#jame20766-bib-0173){ref-type="ref"}; Zhou et al., [2010](#jame20766-bib-0198){ref-type="ref"}). This shows that to date there is no universal consensus on the effects of warming to *R* ~*a*~ (and necessarily also to NPP).

Overall, literature reports that NPP and NPP~wood~ will increase with rising \[CO~2~\] and temperature if water or nutrients are not limiting (e.g., Creutzburg et al., [2017](#jame20766-bib-0037){ref-type="ref"}; Kirschbaum et al., [2012](#jame20766-bib-0089){ref-type="ref"}; Medlyn, [2011](#jame20766-bib-0114){ref-type="ref"}), and modeled NPP and NPP~wood~ in Sorø clearly reflect this pattern. However, this tendency is partially dampened under warmer scenarios and over the course of stand development as described by Nabuurs et al. ([2002](#jame20766-bib-0126){ref-type="ref"}). Likewise, the positive CO~2~ fertilization and temperature effects on NPP and NPP~wood~ increase in Hyytiälä and Bílý Kříž are partially offset by proportionally higher *R* ~*a*~ rates, resulting in greater tree needs for carbon reserve accumulation rather than the increase of structural biomass (see also Tjoelker et al., [1999](#jame20766-bib-0170){ref-type="ref"}). In fact, climate warming causes an increase in the autotrophic respiration rate that is proportionally higher than the increase of photosynthesis rate, highlighting the critical role of nonstructural carbon in mediating this imbalance (and plant osmotic regulation, Dietze et al., [2014](#jame20766-bib-0044){ref-type="ref"}).

These two main physiological processes are interdependent (but feed‐forward) and have different temperature responses (Atkin et al., [2005](#jame20766-bib-0012){ref-type="ref"}; Campbell et al., [2007](#jame20766-bib-0022){ref-type="ref"}; Way & Sage, [2008](#jame20766-bib-0185){ref-type="ref"}), which led to different dynamics at the three different sites. Notably, in the two most productive sites (i.e., Sorø and Bílý Kříž), under warmest climate scenarios with no management (and with/without CO~2~ fertilization effects), the model predicts negative imbalance of carbon with *R* ~*a*~:GPP \> 1 (plant respiration exceeds GPP and stands become a carbon source), causing a climate age‐induced die off of the stand during the simulation period. We speculate that these simulation results may occur also in the real world under a frequent and prolonged sequence of extreme climatic events (e.g., heat waves and drought, Allen et al., [2010](#jame20766-bib-0003){ref-type="ref"}; Anderegg et al., [2012](#jame20766-bib-0008){ref-type="ref"}), which are likely to be increasingly common in highly susceptible regions as Europe (Reichstein et al., [2013](#jame20766-bib-0143){ref-type="ref"}). As shown in the recent past for temperate European forests (Brèda et al., [2006](#jame20766-bib-0021){ref-type="ref"}; Ciais et al., [2005](#jame20766-bib-0030){ref-type="ref"}; Granier et al., [2007](#jame20766-bib-0067){ref-type="ref"}), this climate pattern may accentuate the vulnerability and consequent mortality of trees and whole‐forest stands as a consequence of downregulated assimilation and a faster depletion of nonstructural carbon compound (e.g., carbon starvation hypothesis, Adams et al., [2017](#jame20766-bib-0001){ref-type="ref"}; McDowell, [2011](#jame20766-bib-0112){ref-type="ref"}; Rowland et al., [2015](#jame20766-bib-0147){ref-type="ref"}), which represents a not often accounted pool in the ecosystem‐level carbon budget (Trumbore, [2006](#jame20766-bib-0171){ref-type="ref"}) and forest growth and yield models. As shown by Morales et al. ([2007](#jame20766-bib-0123){ref-type="ref"}) for Fenno‐Scandinavia, as well as Anav and Mariotti ([2011](#jame20766-bib-0006){ref-type="ref"}) and Santini et al. ([2014](#jame20766-bib-0151){ref-type="ref"}) for Europe, and Bonan ([2008](#jame20766-bib-0018){ref-type="ref"}) for boreal forests globally, under severe changes in climate, vegetation composition may shift from conifers to broadleaved trees (or by potentially most suited species). This is a significant modeling challenge at all spatial scales (Fischer et al., [2015](#jame20766-bib-0053){ref-type="ref"}). In our simulation exercise, however, we assume that the presence of the current species at the sites will continue.

For all sites, the simulated CUE decreases without management and tree carbon stocks level off as forests age. This may seem surprising given the generally positive effects of climate change on forests. However, a decline in productivity and a progressive leveling off in carbon stocks with forest development is a well‐known phenomenon, generally attributed, among others, to an increasing fraction of respiring tissues and/or increasing hydraulic limitations (Goulden et al., [2011](#jame20766-bib-0064){ref-type="ref"}; Makela & Valentine, [2001](#jame20766-bib-0107){ref-type="ref"}; Ryan et al., [1997](#jame20766-bib-0149){ref-type="ref"}; Skubel et al., [2015](#jame20766-bib-0158){ref-type="ref"}). This is particularly evident at Sorø, which is older than the other two sites. At each modeled site, the overall tendency of decreasing CUE and stabilizing carbon stocks is slightly modified by the scenarios used (ESMs, RCPs, or \[CO~2~\]; Goulden et al., [2011](#jame20766-bib-0064){ref-type="ref"}; Noormets et al., [2015](#jame20766-bib-0132){ref-type="ref"}) and is thus assumed to be related to forest intrinsic development (aging and biomass accumulation) rather than to specific climatic forcing.

5.2. Effects of Thinning on the Forest Carbon Budget {#jame20766-sec-0021}
----------------------------------------------------

Forest management practices are usually designed to accelerate wood yield and increase wood quality (and the economic revenue of the wood yield) through the thinning of forest canopies that favors penetration of light, soil water, and nutrient availability rather than carbon sequestration (Thornley & Cannell, [2000a](#jame20766-bib-0164){ref-type="ref"}). Conversely, undisturbed forests yield no timber but have a high standing biomass and so store large amount of carbon (Harmon et al., [1990](#jame20766-bib-0070){ref-type="ref"}). Under management, forest ecosystem carbon storage and natural tree mortality may decrease while GPP and growth in the remaining individual trees increase (Noormets et al., [2015](#jame20766-bib-0132){ref-type="ref"}; Wilkinson et al., [2016](#jame20766-bib-0186){ref-type="ref"}). These processes are reproduced by the model through thinning and harvesting (at Sorø) and are also confirmed by observations at the investigated sites (Kowalski et al., [2004](#jame20766-bib-0091){ref-type="ref"}; Vesala et al., [2005](#jame20766-bib-0176){ref-type="ref"}; Wu et al., [2013](#jame20766-bib-0189){ref-type="ref"}).

Modeled NPP between thinning events tends to decrease and subsequently rapidly increase afterward due to the removal of standing biomass (see also Thornley & Cannell, [2000b](#jame20766-bib-0165){ref-type="ref"}). This is consistent with analysis of Luyssaert et al. ([2007](#jame20766-bib-0104){ref-type="ref"}) that on short time and at local scale, NPP may be largely controlled by management and other nonclimatic factors. Throughout the reference scenarios at both Hyytiälä and Bílý Kříž sites, thinning had variable effect on total net primary productivity as observed also by Kirschbaum ([1999](#jame20766-bib-0086){ref-type="ref"}). Overall, under climate change scenarios and forest management, NPP is projected to increase at all the analyzed sites. Consequently, thinning effectively counteracts the decrease in CUE due to forest development when compared to unthinned scenarios. These results agree with Campioli et al. ([2015](#jame20766-bib-0025){ref-type="ref"}), who also found that management can compensate the age effect on BPE (equivalent to \[NPP‐NSC\]/GPP in our study) for both temperate and boreal forest ecosystems (as documented also in DeLucia et al., [2007](#jame20766-bib-0041){ref-type="ref"}).

As the results described above, thinning causes a reduction in *R* ~*a*~ due to partial removal of *respiring* trees at which it corresponds a proportionally lower decrease in GPP (due to a reduction in canopy coverage that is balanced by a slight increase in Leaf Area Index and in higher light and water availability). Hence, this is mirrored in a substantial increase in CUE in the subsequent years after thinning. Therefore, at ecosystem scale thinning increasing the availability of resources and reducing the amount of respiring tissues leads to an increase in CUE. Simulations show that the slope of decreasing rate of CUE between two thinning events is correlated with the temperature trend of the respective scenario. It thus supports a higher acclimation rate to more stressful conditions in the future that can be used to mitigate negative climate change effects.

The dynamic of CUE under warmer scenarios tends to be more pronounced after harvesting, suggesting that climate change may increase the sensitivity of the young forests. This may somehow support the arguments of Ryan ([1991b](#jame20766-bib-0206){ref-type="ref"}) and Kirschbaum ([2005](#jame20766-bib-0088){ref-type="ref"}) that climate change may lead young forests to grow faster, mature earlier, and also die younger. Models and experiments (Reich & Oleksyn, [2008](#jame20766-bib-0205){ref-type="ref"}) confirm also that there may be little leeway to alleviate this pattern over the NF through current management practices and that alternative management options should be considered for the FF.

Notably, when comparing thinned versus unthinned conditions, NPP~wood~ increases proportionally more than total NPP. This is confirmed by observations showing that the photosynthates are primarily used to enhance carbohydrate reserve accumulation (used to actively fuel *R* ~*a*~ over the year and budburst in spring) and subsequently growth (Krinner et al., [2005](#jame20766-bib-0092){ref-type="ref"}; Scartazza et al., [2013](#jame20766-bib-0153){ref-type="ref"}; Trumbore, [2006](#jame20766-bib-0171){ref-type="ref"}). This implies that any reduction in autotrophic respiration or proportional increase in photosynthesis (as in our simulations) leads to a more rapid replenishment of the reserve pool and leaves formation and consequently only indirectly increases the allocation of photosynthates into woody tissues. This behavior is well expressed by the model at each site and is also confirmed in other works (Campioli et al., [2015](#jame20766-bib-0025){ref-type="ref"}; De Kauwe et al., [2014](#jame20766-bib-0040){ref-type="ref"}; DeLucia et al., [2005](#jame20766-bib-0042){ref-type="ref"}).

In contrast to other regional and global models that do not consider forest thinning and harvesting and tend to simulate negative effects of physical climate change on productivity for northern sites (Chen & Luo, [2015](#jame20766-bib-0027){ref-type="ref"}; Gauthier et al., [2015](#jame20766-bib-0061){ref-type="ref"}), we find that negative impacts on forest productivity were almost entirely overruled by the simulated management practices and by positive CO~2~ effects on NPP. These findings support the concept of Morales et al. ([2007](#jame20766-bib-0123){ref-type="ref"}) and Reyer et al. ([2014](#jame20766-bib-0146){ref-type="ref"}) that NPP is likely to benefit from projected increments in temperature (currently a limiting factor), precipitation, and CO~2~ enrichment in boreal climate, and that this benefit may be persistent over the medium term (Nuutinen et al., [2006](#jame20766-bib-0135){ref-type="ref"}), in particular if these management practices are applied.

Altogether, these results suggest that climate change coupled with management strategies may enhance biomass production and plants\' carbon sequestration in woody compounds in both standing and harvested woody biomass and ultimately boost climate change mitigation. Differences in carbon woody stocks between thinned and unthinned simulations support the initial hypothesis that also under climate change current silvicultural practices may still sustain and even increase the forests mitigation role, and most importantly, this may be independent on the warming scenarios considered. The simulations furthermore show that despite large differences in current carbon sequestration capabilities, all sites\' management leads to similar proportional sequestration potentials in the FF.

5.3. Model Assumptions and Limitations {#jame20766-sec-0022}
--------------------------------------

Despite the overall good performance of the model in comparison to observed data, there are still major sources of uncertainty related to the processes assumptions and model parameterization under climate change. Different assumptions for acclimation of physiological processes to elevated \[CO~2~\] and temperature, changes in carbon allocation patterns, and on nutrient limitation may offset or exacerbate the model results under ESMs and RCPs (Zaehle et al., [2015](#jame20766-bib-0192){ref-type="ref"}). For example, the underlying model assumption for photosynthesis and its sensitivity to \[CO~2~\] using the Rubisco limitation (rather than RuBP‐regeneration limitation) places the model at the *optimistic* end of the spectrum of possible CO~2~ responses (Figures [1](#jame20766-fig-0001){ref-type="fig"}a and [1](#jame20766-fig-0001){ref-type="fig"}b). The differences in simulated GPP among the three species reflect the model parameterization of the temperature dependence of photosynthesis, and how the model couples rising \[CO~2~\] with temperature (Figure [2](#jame20766-fig-0002){ref-type="fig"}). Furthermore, more favorable temperatures early in the season may be less relevant for photosynthesis at boreal than at temperate sites, considering the limited incoming radiation during the first months of boreal spring.

For the sake of this analysis a key feature of the model is that the single components of autotrophic respiration are explicitly computed and directly related to temperature. As novelty of this work, we contrast with the common assumption that plant respiration and thus CUE may constitute a priori a fixed fraction of photosynthesis (Friend, [2010](#jame20766-bib-0057){ref-type="ref"}; Nemani et al., [2009](#jame20766-bib-0129){ref-type="ref"}; Waring et al., [1998](#jame20766-bib-0181){ref-type="ref"}) as used in other impact studies on European forests (e.g., Reyer et al., [2014](#jame20766-bib-0146){ref-type="ref"}). The constancy of CUE across biomes and stand development has been long debated as well as its correct definition and quantification (e.g., Campioli et al., [2015](#jame20766-bib-0025){ref-type="ref"}; Vicca et al., [2012](#jame20766-bib-0177){ref-type="ref"}). Inaccurate assumptions related to the effects of climate, stand age, and other environmental conditions on CUE may lead to unrealistic results (Hartley et al., [2006](#jame20766-bib-0071){ref-type="ref"}; Smith & Dukes, [2012](#jame20766-bib-0160){ref-type="ref"}). Such homeostasis in the plant respiration to assimilation ratio is indeed not expected in responses to an increase in \[CO~2~\] and warming (Dewar et al., [1999](#jame20766-bib-0200){ref-type="ref"}). This issue is of particular relevance under changing climate that may lead to changing demands of carbon for plant growth and respiration. In fact, some studies show that the NPP:GPP ratio is far from being conservative throughout stand development, as documented by Makela & Valentine ([2001](#jame20766-bib-0107){ref-type="ref"}) for Scots pine in southern Fennoscandia (and see also Grant et al., [2007](#jame20766-bib-0068){ref-type="ref"}). Similarly, Tjoelker et al. ([1999](#jame20766-bib-0170){ref-type="ref"}) found that CUE decreases in boreal tree species in relation to plant size and warming and Piao et al. ([2010](#jame20766-bib-0139){ref-type="ref"}), as well as Zhang et al. ([2009](#jame20766-bib-0195){ref-type="ref"}, [2013](#jame20766-bib-0196){ref-type="ref"}), showed that globally CUE exhibits a spatial and temporal pattern strongly associated with climate (i.e., temperature and precipitation) and Atkin et al. ([2007](#jame20766-bib-0013){ref-type="ref"}) with growth temperature and atmospheric \[CO~2~\]. The variability of the ratio can also be derived from the broad range of values that have been derived globally (i.e., \~ 0.2--0.8; DeLucia et al., [2007](#jame20766-bib-0041){ref-type="ref"}). We stress that a difference of ±0.1 in CUE results in a proportional change of ±20% in NPP and *R* ~*a*~ *,* thereby a fixed assumption for NPP:GPP may led to an unavoidable overestimate/underestimate of forest CUE throughout stand development.

The tested model implementation of a transient Q~10~ to warming (i.e., short‐term acclimation, Figure [3](#jame20766-fig-0003){ref-type="fig"}a) seems to have only minor effects at the analyzed sites, since autotrophic respiration strongly saturates in the current model formulation for autotrophic respiration beyond a certain air temperature threshold (Smith & Dukes, [2012](#jame20766-bib-0160){ref-type="ref"}). Temperatures at which short‐term acclimation of Q~10~ may occur have only rarely been reached at these sites. Differently, the long‐term acclimation (i.e., Type‐II acclimation, Figure [3](#jame20766-fig-0003){ref-type="fig"}b), increases linearly the model sensitivity under warmer scenarios. However, the effect, the speed, and the magnitude of acclimation on autotrophic respiration remain highly uncertain also at leaf as at the whole plant level in laboratory‐controlled experiments (Drake & Tjoelker, [2016](#jame20766-bib-0201){ref-type="ref"}; Reich et al., [2016](#jame20766-bib-0142){ref-type="ref"}). We highlight that in the present study, changes in processes representation (e.g., allocation patterns) during management are uniquely modeled as quantitative changes in space, light, and water availability and do not depend on specific modifications in model algorithms or parameters.

Additionally, since the model currently does not consider other carbon fluxes (such as VOCs and root exudates) but does include NSC besides biomass production, the modeled CUE is rather a value in between CUE and BPE (Campioli et al., [2015](#jame20766-bib-0025){ref-type="ref"}). Such missing pools (i.e., VOCs and exudates) may be the causes of the modeled overestimation for NPP.

The 3D‐CMCC FEM still does not consider some other potentially relevant processes that are likely to be influenced by climate change, as the nitrogen use efficiency (i.e., variations of plant C/N stoichiometry with increasing \[CO~2~\] as a consequence of acclimation to temperature) (de Wries et al., [2017](#jame20766-bib-0187){ref-type="ref"}; Lombardozzi et al., [2015](#jame20766-bib-0101){ref-type="ref"}; Medlyn et al., [2011](#jame20766-bib-0116){ref-type="ref"}, [2015](#jame20766-bib-0117){ref-type="ref"}). However, recent research supports the view that this effect might not be universal, pointing out that tree species forming s are very responsive to CO~2~ fertilization over a large spectrum of nutrient availability (Terrer et al., [2016](#jame20766-bib-0163){ref-type="ref"}). In addition, nonmanagement disturbances, such as changes in species composition and ozone (Anav et al., [2011](#jame20766-bib-0007){ref-type="ref"}; Seidl et al., [2017](#jame20766-bib-0155){ref-type="ref"}), are not currently represented in the model.

6. Conclusions {#jame20766-sec-0023}
==============

Our findings at the analyzed sites suggest that climate change is likely to impact the autotrophic components of the forests carbon budget, accelerating the main physiological and functional processes and metabolic responses governing autotrophic carbon fluxes. These impacts may alter the carbon allocation patterns (see the role of NSC compound and the carbon starvation hypothesis) that in turn are likely to modify forest growth and other key processes from soil to ecosystem level (e.g., heterotrophic and total ecosystem respiration).

The quantification of the effects of climate change and the applied management practices on plant physiology provides new hypothesis and perspectives about the sensitivity of forests to management as one of the likely key drivers of the carbon cycle for autotroph (but also for heterotroph) organisms. In particular, our results highlight that forests thinning is likely to increase climate and human benefits in the short term and to possibly dampen the described decreases in CUE and carbon woody stock capacity in the long term. However, further analysis under adaptive or alternative management strategies needs to be considered.

Furthermore, our results confirm that appropriate stand/ecosystem scale modeling requires a combined representation of physiological and structural processes along with the consideration of management practices. These needs should also be carefully considered within ESMs, in which the improved representation of land management represents an urgent need.
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